Ventilation related heart rate oscillations -respiratory sinus arrhythmia (RSA) -originate in human from several mechanisms. 
Introduction
Oscillations occurring at the respiratory frequency are the most well-known component of spontaneous heart rate variability. This phenomenon, termed respiratory sinus arrhythmia (RSA), was firstly described by Ludwig (1847). Since then, numerous studies have been trying to find out the mechanisms underlying this complex phenomenon. During inspiration, the RR interval of the ECG shortens as a consequence of the temporary inhibition of the nucleus ambiguus (cardio-inhibitory center), which causes a reduction of vagal output to the sinoatrial node. On the contrary, expiration activates the cells in the nucleus ambiguus prolonging the RR interval (Grossman and Taylor 2007 , Larsen et al. 2010 , Mortola et al. 2016 .
The activation or inhibition of neurons in cardioinhibitory center is mediated via direct and indirect pathways. The direct pathway (central mechanism) Vol. 67 reflects the spreading of the neural activity from the respiratory to the cardio-inhibitory centers (Mortola et al. 2016) . During breathing, various cardiovascular and respiratory parameters (e.g. intrathoracic pressure, venous return, systemic blood pressure, pH, partial pressure of blood gases -pCO 2 and pO 2 , etc.) oscillate at the rhythm of breathing (Saul et al. 1991) . These oscillations have a potential to be transferred to RSA via reflex mechanisms creating indirect pathways (peripheral mechanisms of RSA) (Larsen et al. 2010 , Mortola et al. 2016 . It has been shown that the transfer of blood pressure oscillations associated with ventilation via baroreflex to RSA is a dominant peripheral mechanism in the generation of RSA in humans (Piepoli et al. 1997 , Zhang et al. 2002 , Eckberg 2009 , Draghici and Taylor 2016 .
While previous studies supported the involvement of either the central or the peripheral mechanism in the generation of RSA (Taha et al. 1995 , Schäfer et al. 1998 , more recent investigations demonstrated that RSA could result from the combined involvement of several mechanisms (Larsen et al. 2010) . Studies focused on the analysis of the relative contribution of central and peripheral (baroreflex) mechanisms to the generation of RSA during different states have been performed only rarely, and usually in a small number of subjects and using simple protocols that included only two physiological states (Piepoli et al. 1997 , Faes et al. 2011 , Porta et al. 2012a , Porta et al. 2012b . A study on a larger sample of healthy subjects focused on the comparison of the importance of the central vs. peripheral mechanisms of RSA during different states is still missing (Berntson et al. 1993 , Larsen et al. 2010 .
The recent introduction of information-theoretic analysis tools allowing the inference of direct/indirect mutual interactions between biological signals (Faes et al. 2011 , Faes et al. 2012 has opened the possibility to assess the relative contribution of mechanisms operating along different pathways to the dynamics of a target physiological variable. The present study aims at exploiting these tools to noninvasively estimate the contribution of central and peripheral mechanisms to the generation of RSA. We hypothesize that the importance of these two major mechanisms of RSA generation varies during different states (rest, stress). Accordingly, we quantify the strength of the mutual relations among heart rate, systolic blood pressure and respiratory volume signals in a large group of healthy subjects studied during orthostatic test and cognitive load (mental arithmetics).
Methods

Subjects and experimental protocol
Seventy-eight healthy volunteers (32 male, age range: 16.02-25.77 years, median age: 18.57 years) were recruited for this study. Subjects were instructed not to use substances influencing autonomic nervous system or cardiovascular system activity. Female subjects were examined in the proliferative phase (6 th -13 th day) of the menstrual cycle. All procedures were approved by Ethical Committee of the Jessenius Faculty of Medicine, Comenius University and all participants signed a written informed consent. During recordings, the volunteers were asked to avoid disturbing movements and speaking. They were positioned on the tilt table with the feet in contact with the footboard at the end of the table and restraining strap was secured at the thigh level to provide subject support and safety. The study protocol consisted of five phases: supine rest (15 min); head-up tilt (HUT, during which the subject was tilted to 45 degrees on the motor driven tilt table for 8 min to evoke mild orthostatic stress); first supine recovery in the resting supine position (10 min); and mental arithmetic task (MA) in the supine position for (6 min), followed by the second supine recovery in the resting supine position (10 min). During the MA task the subject was instructed to sum up threedigit numbers (until one-digit number was reached) displayed on the ceiling of the examination room by a data projector. After deciding if the final one-digit number was odd or even, the subject had to click by computer mouse on the corresponding push button projected on the ceiling. During the MA task the subject was disturbed by the rhythmic sound of a metronome and instructed to perform the task as quickly as possible with a minimal error rate.
Data acquisition and analysis
The acquired signals included the continuous finger arterial blood pressure recorded non-invasively by the photoplethysmographic volume-clamp method (Finometer Pro, FMS, Netherlands), the electrocardiogram (horizontal bipolar thoracic lead; CardioFax ECG-9620, NihonKohden, Japan) and the respiratory volume recorded by respiratory inductive plethysmography using two (thoracic and abdominal) elastic bands (RespiTrace, NIMS, USA). All signals were digitized at 1,000 Hz. From these signals, the following beat-to-beat time series were measured: the heart period (R-R interval) was calculated as the temporal distance between two consecutive R waves; the systolic blood pressure (SBP) was taken as the maximum value of the arterial blood pressure waveform following each R wave; and the respiration value (RESP) was taken as the sample of the measured volume changes sampled at the onset of each R wave. All signals were linearly detrended to avoid the effect of slow trends in the signals on the data analysis.
To avoid transient changes, the following segments of 300 beats were extracted from the original recordings for data analysis: for the first phase the analysed segment started 8 min after the beginning of this phase, for the second phase 3 min after the change of the position, for the third phase 7 min before starting the MA task, for the fourth phase 2 min after starting of this phase and for the fifth phase 2 min after completing the MA task.
Causal coupling analysis
The strength of the mutual interconnections between the time series of RESP, SBP and RR was quantified in the information domain by computing causal coupling indexes based on the model-free entropy estimators proposed in Faes et al. (2011) and Faes et al. (2012) . We refer to Faes et al. (2011 ), Faes et al. (2012 and Javorka et al. (2017) for the methodological details. Here, we first calculated the causal coupling indexes using a bivariate approach involving exclusively the RESP and RR time series. The resulting index of causal coupling from RESP to RR is regarded as an overall measure of coupling (regardless of the direct or indirect influence of RESP on RR) and quantifies the amount of information carried by the present value of the target signal (RR) which can be explained by the past of the source signal (RESP). Moreover, in order to distinguish between direct and indirect influences of RESP on RR, we calculated the causal coupling indexes using a trivariate approach which considers all three recorded signals and quantifies how useful is the source signal (RESP) in forecasting the target signal (RR), provided that third signal (SBP) is known. Then, if the causal coupling index calculated using the trivariate analysis is equal to the index calculated using bivariate analysis, i.e. the source signal provides a given amount of information explaining the target signal and the third signal does not provide any additional information on the oscillations in the target signal, the interaction from source to target is direct without an involvement of the third signal as mediator. In this case a prevalently direct influence of the source on the target is assumed. On the other hand, if the causal coupling indexes calculated through trivariate analysis are markedly lower than the indexes calculated through bivariate analysis, the source signal provides no further information explaining the target signal if we already know the third one. In such a case the influence of the source on the target is more indirect as it is mediated mostly by the third signal.
In accordance with the above description, to compare the importance of the central (direct influence of ventilation on heart rate) vs. peripheral mechanism (baroreflex mediated) we assessed if the direct influence RESP→RR is more important compared to indirect connection RESP→SBP→RR. Therefore we calculated the difference (Δ) between the bivariate and trivariate coupling indexes as a measure of a degree of indirectionality, i.e. a higher difference indicates a more indirect connection.
Statistical analysis
The statistical comparison between the magnitude of the coupling index computed along the RESP to RR directions (for bivariate and trivariate approaches) for a given phase of the experiment, or between two subsequent phases for a given index (bivariate or trivariate), was performed through the Wilcoxon signed-rank test. All results were considered statistically significant at a P<0.05. The statistical analysis was performed using SYSTAT 13 (Systat Software Inc., USA). Figure 1 shows the distribution of the causal coupling indexes computed across subjects during five phases of the protocol using the bivariate (Fig. 1a) and trivariate (Fig. 1b) approaches. In Figure 1c the difference (delta values) between bivariate and trivariate causal coupling indexes is shown, calculated for each subject as bivariate coupling index minus trivariate coupling index.
Results
The causal coupling in the direction from RESP to RR was significantly higher than the coupling from RR to RESP during the whole protocol using both the bivariate approach (P≤0.0001) and the trivariate approach (P≤0.0014, results not shown). Moreover, no significant change in the causal coupling from RESP to RR across Vol. 67 all phases was found using the bivariate approach (0.0821≤P≤0.9999, Fig. 1a) . Figure 1b shows that the trivariate causal coupling from RESP to RR decreased during both HUT (in comparison with supine rest (P=0.0297) and first supine recovery (P=0.0236)) and MA (compared to a preceding supine recovery -P=0.0382). The difference between bivariate and trivariate coupling indexes along the direction from RESP to RR is shown in Fig. 1c . The difference increased during HUT in comparison with supine rest (P<0.0001) and with the following supine recovery (P=0.0003). 
Discussion
RSA -being mediated predominantly by the parasympathetic nervous system -is widely accepted as an indicator of the healthy cardiovascular control at rest (Grossman and Taylor 2007 , Larsen et al. 2010 , Ben-Tal et al. 2014 . A decrease of RSA magnitude is associated with many pathological states, including myocardial infarction (Fei et al. 1996a) , and chronic heart failure (Fei et al. 1996b) but it decreases also during challenges leading to a decreased parasympathetic and/or increased sympathetic activity (Allen and Crowell 1989 , Herbert et al. 2010 , Mortola et al. 2016 .
Since RSA was documented for the first time, numerous studies have been performed to reveal basic mechanisms of its origin. Several studies used animal models (Anrep et al. 1936 , Ainsworth et al. 1992 , or employed pharmacological intervention (atropine, propranolol, trimethaphan) or other manipulations (e.g. voluntary apnea, neck suction, Valsalva maneuver) to describe RSA mechanisms in humans (Saul et al. 1991 , Piepoli et al. 1997 , Zhang et al. 2002 . In general, previous studies demonstrated the involvement of both central and peripheral mechanisms in the generation of RSA, but the relative contribution of these basic mechanisms during different physiological states in human is still not well described (Berntson et al. 1993 , Larsen et al. 2010 .
The relative role of two basic mechanisms of RSA generation was analysed in healthy human only rarely. The experimental study by Piepoli et al. (1997) in conscious humans (13 healthy men volunteers aged 27.5±5.9 years) tried to establish the role of peripheral (baroreflex mediated) and central mechanisms using apnea and the neck suction to separate these mechanisms. The study reported that during normal respiration in sitting position baroreflex is the major mechanism of RSA generation. Recent development of the signal analysis tools aimed to quantify a strength of directed (causal) interactions between oscillations enabled to noninvasively get insight to the mechanisms behind the cardiovascular oscillations origin. Employing the causal analysis of the RR interval and SBP oscillations authors found an increased involvement of baroreflex-mediated mechanism during passive orthostasis (Nollo et al. 2002 , Nollo et al. 2005 . However, these studies did not performed trivariate analysis and therefore failed to distinguish between direct and indirect mechanisms of signals interconnections. In the following studies involving trivariate analysis with SBP, RR and respiratory signals (Faes et al. 2011 , Porta et al. 2012a , Porta et al. 2012b , authors demonstrated a stronger influence of central mechanism during supine rest and predominant baroreflex-mediated mechanism during HUT.
We have used recently developed mathematical tools based on information theory to analyze cardiovascular oscillations recorded noninvasively together with the respiratory volume signal. Using bivariate and trivariate analysis, we were able to quantify the strength of mutual interconnections and to distinguish between direct and indirect influence, and thus to compare the involvement of central and peripheral mechanisms of RSA generation during different states (in our study: supine rest, HUT, MA).
To better explain our approach we consider here two extreme cases -one with only direct influence of RESP on RR, the second with only indirect influence RESP→SBP→RR. Firstly, a hypothetical finding that the causal coupling index calculated through trivariate analysis (an interaction from RESP to RR independent of SBP) is equal to the index calculated through bivariate analysis (overall interaction from RESP to RR) indicates that SBP does not mediate the effects of RESP on the RR oscillations. In this case the influence of RESP on RR would be direct without the involvement of SBP, and a difference (delta value) between bi-and trivariate coupling index would be low. Secondly, a finding that the causal coupling index calculated through trivariate analysis is markedly lower than the index calculated through bivariate analysis indicates that RESP provides no further information explaining the RR oscillations if we already know the SBP oscillations. In this second case the influence of RESP on RR would be indirect and mediated mostly by baroreflex pathway RESP→SBP→RR and the delta value would be high.
In the light of these considerations, the results of the present study lead us to propose the schematic models of cardiorespiratory interactions illustrating the importance of direct/indirect pathways in the generation of RSA (Fig. 2) . These models are inspired by the findings described in the following. Fig. 2 . Proposed models of RESP→RR interactions during supine rest (a), head-up tilt -HUT (b), and mental arithmetics -MA (c). The thickness of arrow reflects the strength of the causal coupling in the given direction. At rest, direct interaction between RESP and RR dominates reflecting central mechanism. During both challenges (HUT and MA), the importance of indirect -baroreflex basedmechanism becomes more important. The strength of baroreflex mechanism is higher during HUT compared to MA.
Our results indicate that the overall strength of the influence from respiration to heart rate (bivariate RESP→RR coupling index) is stable across conditions. When analyzing the RESP -RR coupling in a trivariate way, the coupling indexes decreased to approximately half of the values observed for bivariate analysis. This indicates that both regulatory pathways, the one related to blood pressure oscillations (i.e. the baroreflex mechanism) and that independent on blood pressure oscillations (i.e. the mostly central mechanism), act as mechanisms involved in the origin of RSA. Further analysis considering the difference between bivariate and trivariate indexes (delta values) revealed that during supine rest and supine recovery the indirectionality of the interaction from RESP to RR was generally low. This means that during supine rest the direct influence RESP→RR (central mechanism) dominates over the indirect connection RESP→SBP→RR (peripheral mechanism -baroreflex mediated) (Fig. 2a) . These results are in agreement with previous studies (Faes et al. 2011 , Porta et al. 2012a , Porta et al. 2012b ) where a stronger influence of the central mechanism during supine rest was also observed.
The impact of gravity during orthostasis (HUT) causes venous pooling of the blood in the lower portion of the body and a decrease of arterial blood pressure sensed by high-pressure baroreceptors. The responses include cardiac parasympathetic withdrawal and Vol. 67 increased sympathetic activity to the heart and vasculature (Cooke et al. 1999) . We extend previous observations on the decrease of the RSA magnitude during HUT (Laitinen et al. 2004 , Patel et al. 2016 showing that during HUT the contribution of the baroreflex to RSA generation is enhanced, as reflected by the significantly increased delta values (indirectionality index) (Fig. 2c) . Our observations are in concert with previous findings based on the analysis of cardiovascular oscillations (Faes et al. 2011 , Porta et al. 2012b ) that suggested a dominant central mechanism at supine rest and an increased involvement of the baroreflex during orthostasis.
During cognitive load, parasympathetic withdrawal and sympathetic activation are presumably initiated by projections from the amygdala and occur without major changes in venous return. Thus, mental stress is accompanied by a decrease of parasympathetic activity and/or an increase of the sympathetic activity (Kuipers et al. 2008 , Widjaja et al. 2015 ; in this condition, RSA magnitude is usually decreased (Allen and Crowell 1989 , Bernardi et al. 2000 , Herbert et al. 2010 , Wetzel et al. 2006 , Javorka et al. 2018 . In addition to these previous findings, we observed that the information flow from RESP to RR was amplified as regards the indirect connection during MA, but the degree of indirectionality was significantly lower than that during HUT (P=0.0255) (Fig. 2c) . Our results indicate that the relative contribution of mechanisms behind RSA does not change uniformly with a shift in sympatho-vagal balance towards sympathetic nervous system dominance and is more state/condition specific with the higher involvement of baroreflex during orthostasis compared to mental effort.
It is well known, that variations in respiratory pattern (respiratory rate, tidal volume) leads to changes in RSA magnitude -an increase of length of respiratory cycle and/or volume lead to an increase in RSA amplitude independently of vagal tone (Elghozi et al. 1991 , Schmitz et al. 1995 , Larsen et al. 2010 . Therefore, it is conceivable to assume that the importance of different mechanisms in the generation of RSA can also vary with the respiratory rate. In our study, the average respiratory rate was 16.3±3.3 breaths per minute (bpm) during the supine rest, 15.6±3.0 bpm during HUT, 16.8±2.8 bpm during first supine recovery, 20.6±3.7 bpm during MA, and 16.7±2.9 bpm during second supine recovery. Although the orthostasis related differences in the RSA generation mechanisms could not be ascribed to the small respiratory rate change, a significantly increased respiratory rate during MA could be associated with the observed changes in information domain indices. The association between respiratory pattern changes and RSA mechanisms requires further study.
The primary purpose of this study was to compare the contribution of baroreflex and non-baroreflex (most importantly central) mechanisms in the generation of RSA. The effect of autonomic nervous system activity change on the assessed measures was demonstrated. Since the algorithm employed to calculate coupling measures involved signal quantization, the coupling indices are mathematically independent on the signal magnitude -i.e. on the magnitude of RSA (Faes et al. 2011 , Faes et al. 2012 ). Although we did not intend to introduce new measure(s) for the assessment of cardiovascular control, the coupling indices used in this study were sensitive to shifts in autonomic nervous system activity accompanying orthostatic and mental challenges. Considering their mathematical independence and sensitivity to changed autonomic activity, the coupling indices could complement the existing autonomic nervous system activity indices in future physiological and clinical studies.
Taken together, results of our study confirmed on a larger sample of subjects (n=78) the observations of few previous studies and extended the findings to healthy adolescents. In addition, our study included also cognitive load as a physiological challenge to demonstrate its partially different effect on the RSA mechanisms as compared to supine rest and orthostasis. We conclude that both basic mechanisms take part in RSA generation in the intact cardiorespiratory control of human subjects. The central mechanism is more important during rest. On the contrary, during orthostatic and mental challenges the baroreflex based peripheral mechanism becomes more important.
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